The evolution of the crystal structure and crystallographic texture of porous synthetic cordierite was studied by in situ high-temperature neutron diffraction up to 1373 K, providing the first in situ high-temperature texture measurement of this technologically important material. It was observed that the crystal texture slightly weakens with increasing temperature, concurrently with subtle changes in the crystal structure. These changes are in agreement with previous work, leading the authors to the conclusion that high-temperature neutron diffraction allows reliable crystallographic characterization of materials with moderate texture. It was also observed that structural changes occur at about the glass transition temperature of the cordierite glass (between 973 and 1073 K). Crystal structure refinements were conducted with and without quantitative texture analysis being part of the Rietveld refinement, and a critical comparison of the results is presented, contributing to the sparse body of literature on combined texture and crystal structure refinements.
Introduction
Cordierite, (Mg,Fe) 2 Al 4 Si 5 O 18 (and its hydrous compound containing ÁnH 2 O), naturally occurs as a mineral in moderate to high metamorphic rocks and has been studied with respect to the Al/Si ordering (Schwartz et al., 1994; Putnis & Bish, 1983; Winkler et al., 1991) . The unusually low thermal expansion and resulting thermal shock resistance (TSR) have led to various technological applications and further studies (Schwartz et al., 1994; Bruno et al., 2011 Bruno et al., , 2012 . Synthetic cordierite ceramic usually contains two polymorphs of the same chemical composition Mg 2 Al 4 Si 5 O 18 , which differ by their crystalline structure. Low-cordierite (or -cordierite) is characterized by a complete ordering of Al and Si cations and has an orthorhombic structure (space group Cccm, No. 66) (Daniels, 1990) , whereas high-cordierite (-cordierite or indialite) is disordered (Meagher & Gibbs, 1977; Winkler et al., 1991) and has a hexagonal structure (P6/mmc).
Indialite is stable above $1723 K and low-cordierite below this temperature. The order-disorder transformation between the two phases is slow and is preceded by the formation of a short-range-ordered modulated structure. At 1673 K the transformation to fully ordered cordierite is essentially complete after about 100 h. At 1373 K the structure is still hexagonal after 200 h, with the first indications of the modulated structure becoming evident (Putnis & Bish, 1983) .
The crystal structure of cordierite has been thoroughly described in a number of pioneering studies, such as those of Karkhanavala & Hummel (1953) , Gibbs (1966) , Armbruster 1986) and Daniels (1992) . They all describe the unit cell as being composed of Mg-O (or impurities such as Fe) octahedra linking (Si,Al)-O tetrahedra arranged in hexagonal rings and stacked, with rotated orientation, along the c axis.
The structural mechanism of thermal expansion has been investigated by Ikawa et al. (1986) , by Predecki et al. (1987) and, more recently, by Seki et al. (2001) . According to Hochella et al. (1979) , the unusually low thermal expansion of the Mg-cordierite is the result of its rigid tetrahedral framework and the anisotropic expansion of octahedra isolated from each other: the opposite rotation of the tetrahedral rings during expansion in the ring plane creates a contraction along the c axis (see the cited articles). Literature data (Lee & Pentecost, 1976; Milberg & Blair, 1977; Evans et al., 1980; Mirwald, 1981; Bruno et al., 2010c) indicate that the (anisotropic) coefficients of thermal expansion of indialite and cordierite are positive along both a axes (i.e. the a and b axes for the orthorhombic structure) but negative along the c axis for both polymorphs. Relevant for the present work, Bruno et al. (2010c) have reported high-temperature data (up to 1473 K) on solid state reacted and extruded cordierite, measured by neutron diffraction (see below).
Virtually no previous work has dealt with the crystal texture of cordierite, for the simple reason that the natural material does not possess any preferred orientation and the implications of texture are irrelevant in all of the quoted studies. Nevertheless, the subject is important when technological applications are envisaged and therefore synthetic materials are investigated. In fact, in the case of our work, the cordierite material is extruded and then fired at high temperature. The first process induces some degree of preferred orientation and some morphological texture, which impact on the lattice and the macroscopic coefficients of thermal expansion (CTEs) (Bruno et al., 2010b,c; Efremov & Bruno, 2013) . A model has been proposed in our previous work (Bruno & Vogel, 2008) to calculate the average macroscopic expansion on the basis of lattice CTE and crystal texture data. Although the model yielded consistent results, room-temperature texture measurements were taken as input for the whole temperature range. The question arose then as to whether the dependence of the texture on temperature would affect the predictions of the model. Moreover, current models for the calculation of stress onset and development in reaction sintered ceramics (Efremov & Bruno, 2013; Bruno et al., 2010a ) strongly rely on texture data.
From a materials science point of view, the low thermal expansion makes cordierite attractive for filters, membranes and catalyst support applications. The peculiar hightemperature properties (low CTE, high TSR) can be obtained if the material has a particular morphological and crystallographic orientation, as in the case of extruded ceramics (Merkel & Tao, 2006) . In fact, while the ratio of indialite to cordierite, and therefore the degree of ordering, seems to have an influence on the CTE of cordierite, the chemical composition and the processing route, i.e. in our case the crystal texture, have been reported to have a greater impact on all of the macroscopic properties (in particular CTE and Young's modulus). In recent work, Kupsch et al. (2013) and Onel et al. (2014) have proved on two different compositions that cordierite possesses an intimate connection between pore (morphological) and grain (crystallographic) orientation.
From a methodological point of view, combined crystal structure and texture refinements are very rare in the literature, providing only little previous experience with this technique. This is despite the fact that we have had the ability for more than two decades to include quantitative texture analysis in the refinement model using the main Rietveld codes (Popa, 1992) . Von Dreele (1997) , in his paper introducing texture refinement for the first time into a Rietveld code, found remarkable agreement of atomic positions for calcite, CaCO 3 , from neutron time-of-flight diffraction data with single-crystal synchrotron structure determination, and slight deviations in the refined anisotropic displacement parameters of all atoms, which he explained as being the result of differences between natural and synthetic materials. Lutterotti et al. (1997) in their work introducing texture analysis with the Rietveld code MAUD characterize the identical sample (previously used in a texture round robin; Wenk, 1991) . However, even though they state that they have included anisotropic thermal motion parameters in the refinement, they only report the x O atomic position parameter. This parameter is reported for different refinements covering different d-spacing ranges and a 'randomized' data set where all data are integrated into a single data set. They find agreement of this parameter within one or two within these variations, indicating that the analysis is insensitive to minor variations in d-spacing range and that the randomization by integrating all datasets collected for texture analysis followed by powder analysis without preferred orientation is suitable. Their value, however, differs by about 5 from the three other structure determinations cited. Finally, Sitepu (2009) presents a thorough comparison of texture and structural refinements of molybdite, MoO 3 , calcite, CaCO 3 , and NiTi. While he finds good agreement from the combined texture and crystal structure refinements with single-crystal data, the textures with $1.4 and $1.1 m.r.d. maximum pole figure density for molybdite and calcite, respectively (m.r.d. is multiples of random distribution), were relatively weak compared to the $2.0 m.r.d. pole figure maximum for the calcite reported before. Besides work done on HIPPO (High Pressure Preferred Orientation; LANSCE, LANL, Los Alamos, NM, USA), most notably a series on papers investigating the texture and crystal structure of ternary carbide (MAX) phases at high temperatures (Lane et al., 2010a (Lane et al., ,b, 2012 (Lane et al., , 2013 (Lane et al., , 2014 Bentzel et al., 2015 Bentzel et al., , 2016 , we are not aware of combined texture and crystal structure refinements, in particular not at elevated temperatures.
The present work was therefore targeted at answering the question of the texture evolution at high temperature and at verifying to what extent structural changes of the cordierite unit cell would affect the thermal expansion and the texture of this ceramic. This builds on existing knowledge of the temperature-dependent behavior of the unit cell (thermal motions, interatomic distances, rigid unit rotations). Thereresearch papers 750 Bruno and Vogel High-temperature crystal structure and texture of cordierite fore, a stepwise approach has been adopted for the refinement strategy: we first refined high-temperature diffraction data in a powder-like Rietveld approach, and then we inserted texture for a full refinement. This strategy has evolved from work with multi-histogram datasets resulting from HIPPO over the period of a decade and can be considered a recipe for data analysis for this kind of data. We therefore describe the strategy in detail below. While simultaneous texture and crystal structure refinements have been reported in the literature (Popa, 1992 ; Von Dreele, 1997), we are, besides the aforementioned work by Lutterotti, not aware of cases where the powder average was compared with the full texture model or a parametric study was undertaken to provide a benchmark for both approaches. We demonstrate that the increased complexity of the texture approach does not undermine the quality of the structural (unit cell behavior) refinement, but the powder average, i.e. the integration of all data collected for full quantitative texture analysis, yields more reliable structural information (bond lengths etc.). Finally, we show that the present data are in very good agreement with previous work.
Samples and experimental
Samples were extracted from an extruded cordierite cellular monolith from Corning Inc. (Corning, NY, USA). The raw materials included talk, silica, kaolin and clay, following Merkel & Tao (2006) and Harada et al. (1989) . Starch was added as pore former. The extruded material was fired ramping at less than 2 K min À1 to a temperature in excess of 1673 K, held there for 3 h and then cooled with a controlled cooling rate not exceeding 2 K min À1 . The material was characterized in the following way: Porosity was measured by mercury porosimetry, with an Autopore 9520 from Micromeritics, and was found to be around 48% (AE1%). The macroscopic thermal expansion was measured on a single pushrod Netzsch DIL 402C dilatometer. For this, the heating and cooling rates were set to 10 K min À1 . Samples were cut to square prisms of dimensions 5 Â 5 Â 50 mm. The microstructure was observed using scanning electron microscopy (SEM). Images were acquired on a Zeiss LEO 1550 microscope at 5 kV accelerating voltage.
Phase identification was performed using laboratory X-ray diffraction (XRD). Measurements were done on a Panalytical X'Pert diffractometer equipped with a Cu anode, a Ge monochromator and an X'celerator detector. Diffraction patterns were analyzed with the Rietveld code FullProf Rodríguez-Carvajal, 1993 ) using the ICDD database. Structural data were taken from the sources indicated in Table 1 .
The possible presence of a residual amorphous phase was not taken into account and therefore all phase fractions refer to the crystalline part of the samples only (see Table 2 ).
Neutron time-of-flight diffraction and texture analysis were performed on HIPPO at the pulsed spallation neutron source at LANSCE, LANL.
A detailed description of the instrument is given by Wenk et al. (2003) and Vogel et al. (2004) , and here we only report the most important parameters. An ILL-type vacuum furnace ($10 À6 Torr; 1 Torr = 133.3 Pa) with vanadium heating elements and heat shields was used (Vogel et al., 2004) . The sample was cut to a rectangular prism of 12 Â 25 Â 50 mm, which was held in a vanadium strip holder (vanadium has a very small bound coherent neutron scattering length of À0.38 fm and is used here to minimize diffraction from the furnace and sample holder.) Data were collected at 373, 773, 973, 1173 and 1373 K for count times corresponding to 30 min per sample orientation at a nominal proton current of 100 mA, therefore taking into account unavoidable beam fluctuations during the experiment. Twenty-seven detector panels, consisting of 3 He detector tubes and arranged on three rings research papers Figure 1 Pole figure coverage of the 96 selected histograms for the four sample orientations.
with nominal diffraction angles of 144, 90 and 40 , were used for data collection. The same data were binned to provide individual datasets per panel for texture measurement (27 histograms per run) as well as datasets integrated over all detectors belonging to the same nominal detector angle (three histograms per run). To increase detector coverage for texture measurements, the sample was rotated at each temperature around the vertical (long) axis to angles of 0, 45, 67.5 and 90 . For the data analysis of the integrated data sets, the four orientations were integrated, resulting in three histograms per temperature. This procedure is similar to spinning a sample in classic powder diffraction experiments to reduce the influence of texture on the crystal structure analysis (Lane et al., 2012) . The angular coverage of the 96 selected histograms is shown in Fig. 1 .
Data analysis

Refinement without texture analysis
The data were analyzed using the GSAS package (Larson & Von Dreele, 2004 ) using the gsaslanguage script (Vogel, 2011) . GSAS time-of-flight profile function 1 was used as peak profile function. For the powder data, the analysis was performed assuming random crystal orientation (no texture) using the following strategy: The highest-and medium-resolution data from the 144 and 90 detector banks were refined with the initial crystal structure of cordierite published by Winkler et al. (1991) . Sixteen background parameters were refined for each histogram, together with scale parameters. The cordierite lattice parameters were refined together with the diffractometer constant (DIFC for GSAS) for the 90 bank, converting time of flight into d spacing. In this way, the sample position was recalibrated. This was performed only for the lowest-temperature run at 373 K, and then the peak width parameter 1 was refined for each histogram. At this point, a minority phase to account for the observed spinel diffraction peaks was inserted.
For the spinel phase, the atomic displacement parameters U iso of all atoms were initialized at 0.01 Å 2 and the phase scale parameter was refined (constrained to be the same for each histogram). This meant refining the weight fraction of spinel and subsequently refining also the lattice parameter. After refinement of the spinel structure, the structural refinement of the cordierite majority phase proceeded by varying the atomic displacement parameters of all 12 atoms and then refining the atom positions. To account for likely deviations of the incident intensity, typically to correct for improperly taking into consideration air scatter background contributions during calibration, the linear thermal neutron absorption correction was refined for both histograms. As thermal motion and absorption are highly correlated, atomic displacement parameters were fixed during this step. The large detector coverage of the HIPPO instrument decouples this correlation to some extent, making the fit more robust compared to data sets with one diffraction angle only. However, two cycles of alternating absorption and atomic displacement parameter refinement were required, with conversion from isotropic to anisotropic displacement parameters in-between. For the spinel, owing to the small fraction ($3 wt%), atomic displacement parameters of all cations were constrained together and refined during the last step.
For all higher temperatures, the refinement results from the 373 K analysis were used as starting values. We began by fixing all structural parameters and refining the background and histogram scale only. We then fitted lattice parameters of both phases, the phase scale of the minority spinel phase and peak width parameters, in sequence. Finally, the anisotropic displacement parameters of cordierite were refined together with the atom positions; the isotropic displacement parameter of the spinel phase was refined in the last step.
Refinement with texture analysis
For the analysis including the texture of the sample, 96 histograms were added, corresponding to the maximum number of histograms allowed in GSAS (these and the 'virtual histograms' for constraints add up to the maximum number of 99). The crystal structures of the corresponding refinement without texture, as described above, were read for each temperature as starting parameters, with all structural parameters fixed. For the 373 K data, the diffractometer constants DIFC were refined for all 96 histograms, after the background, histogram and phase scale parameter refinement, keeping the lattice parameters fixed at the values obtained in the refinement assuming random crystal orientation. Again, this essentially recalibrates the sample position in the instrument, accounting for the unavoidable misalignment issues and changes of the center of gravity of the diffraction signal between the calibration material (e.g. silicon or CaF 2 powder) and the actual sample. For the higher temperatures, these DIFC values were read and kept fixed, refining the lattice parameters instead. In the first step of the refinement, eight background parameters of background function 1 in GSAS were refined for each histogram, and then the phase scale parameter for the spinel phase was refined while being The macroscopic dilation of the honeycomb cordierite material, upon heating and cooling.
constrained to be identical for all histograms. For the 373 K data, the refinement of the DIFC values followed, which was skipped for all other datasets. The lattice parameters of both phases (spinel and cordierite) were refined, with the DIFC values fixed at the value obtained with the 373 K data. In the next step, a sixth-order spherical harmonics representation of the orientation distribution function (ODF) was introduced without sample symmetry for the cordierite phase, as described by Von Dreele (1997). After the sixth-order refinement, the order of the ODF representation was increased to eight. With the peak intensities now mostly appropriate, the peak width parameters for the cordierite phase were refined, using independent 1 profile parameters for each histogram. Again, absorption correction was introduced, mostly to account for overestimation of the incident intensity. After the absorption parameter for each histogram had been fixed, the atomic displacement parameters for both spinel (isotropic) and cordierite (anisotropic) were refined, and subsequently the atom positions for all cordierite atoms.
For each refinement, with and without texture, the GSAS code DISAGL was used to compute bond lengths and angles for each refinement. For the texture analysis, the (100), (010) and (001) 
Results
Thermal expansion
The macroscopic dilation curve of our cordierite sample, upon heating and cooling, is shown in Fig. 2 Neutron diffraction patterns for bank2 at 2 = 90 at 373 K (a) and 1373 K (b), simultaneously refined for quantitative texture and crystal structure. Red tick marks indicate spinel and black tick marks indicate cordierite peaks. Red crosses are measured intensities, the green curve is the Rietveld fit and teh difference curve is shown below on the same scale. The intensity units are neutron counts per microsecond normalized by the calibrated incident intensity.
is visible (about 50 p.p.m.), indicating closure and opening of microcracks (upon heating and cooling, respectively) (Bruno et al., 2011) .
Scanning electron microscopy
The microstructure of this cordierite is shown in Fig. 3 . Fig. 3(a) shows the crystallites in a plane containing the extrusion axis, while Figs. 3(b) and 3(c) display micrographs cut perpendicular to the extrusion axis, taken before and after a thermal cycle to 1473 K with a hold for 4 h at the maximum temperature. The latter conditions simulate those of the neutron diffraction experiment. Crystallites aggregate in a fanlike structure in the form of domains (the axial, extrusion, direction is indicated by the scale bar). The crystallites have typical dimensions of 2 Â 5 mm, while the polygonal domains have typical equivalent radii of about 30-50 mm (see also Bruno et al., 2012) . As expected, no microstructural change occurs upon thermal cycling to 1473 K.
Neutron diffraction
Fitting of the diffraction patterns was conducted by considering two phases: orthorhombic cordierite and spinel. Other phases were not visible in the patterns. Even the inclusion of indialite, present to 4 wt% according to the X-ray diffraction data, did not improve the 2 . Intensity fluctuations due to texture are clearly visible in Fig. 4 , especially in the region above 3.0 Å . It is also visible that patterns at nearly room temperature (373 K) and high temperature (1373 K) do not differ qualitatively (compare Figs. 4a and 4b) . shown in Fig. 5 . The texture mainly consists of a fiber component with the c axis aligned with the extrusion direction (the so-called direct domain orientation), the b axis aligned in the equatorial plane and the a axis randomly oriented, or slightly tilted (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) ) from the equator. Possibly, a footprint of the orthorhombic symmetry of the channel geometry can be seen in the (001) pole figure, which could be explained by the reorientation of the agglomerates of the oblate crystal during the extrusion into the channeled shape.
The texture seems to weaken slightly at high temperatures, as seen for instance by the disappearance of the maximum in the (001) pole figure; this change could also be correlated with the material going through the glass transition (the maxima seem to increase up to 973 K and then decrease above T g ). However, this slight change could also be considered to be near to the experimental error of 0.1 m.r.d. This indicates a substantial stability of the microstructure (see also Fig. 3 ). This stability of the microstructure is expected for a maximum temperature below 0.75T m (T m is the melting temperature). Also, the numerical stability of the pole figures is remarkable (no artifacts are observed at the edge of the pole figures) because the texture analysis for each temperature has been done without making any initial assumptions (i.e. random texture at the first iteration). This reproducibility lends credit to texture measurements by neutron diffraction as described here.
Discussion
Comparison of Rietveld refinement with and without texture
We first compare the refinement results from the fits with and without texture. To the authors' knowledge, no simultaneous refinement of cordierite crystal structure and texture is reported in the literature (as many diffraction instruments are not able to quantify the texture). We therefore discuss our results within the context of possible systematic differences between the random powder and texture refinement. We point out that, with the HIPPO detector coverage and the integrated data from four rotations, the assumption of random powder data for the sake of structural refinement is a very good approximation despite the presence of texture as seen in the pole figures. Although we did not conduct this test, the strength of the texture is high enough to introduce errors in crystal structure parameters when, for example, only a single histogram or data equivalent to a much smaller subset of sample directions than provided by HIPPO (see Fig. 1 ) has been collected (i.e. without the virtual randomization by the integration). Fig. 4 illustrates this with differences in peak intensity ratios for different sample directions, which would be accounted for only by ad hoc assignment of crystal structure (atomic positions, atomic displacement parameters) during refinement.
We note that the lattice parameters (of both cordierite and spinel) for the two refinements (with and without texture) are virtually identical (Figs. 6 and 7) . However, the refinement including the texture evolution results in an increase of the weight fraction of cubic spinel from $2.5 to $4.5 wt% as a function of temperature (Fig. 7) , while the refinement with the assumption of a randomly oriented powder results in a constant spinel weight fraction of $2.5 wt%. Quantitative X-ray phase analysis yielded a spinel phase fraction of 2.9 wt%. As phase transformations at the maximum temperature of 1373 K for this system take an extremely long time to occur (Putnis & Bish, 1983) , we consider the powder data analysis more reliable for the determination of the weight fraction of the minority phase. By extension, this should also hold for peak intensity dependent crystallographic parameters (of both phases). A comparison of the lattice expansion of the spinel phase as obtained in this work and by Harada et al. (1989) is given in Appendix A.
To assess the influence of the inclusion of a full texture model on the atomic positions, we compare results for the Mg-Si1 and Mg-Al1 (Fig. 8) Cordierite phase lattice strains resulting from random powder and full texture Rietveld refinements. Error bars are within the marker size.
Figure 7
Weight fraction of spinel and a lattice parameter of cordierite as a function of temperature for the refinements with and without texture. Error bars for the lattice parameters are included in the markers. similar, with the Mg-Si1 bond shrinking while the Mg-Al1 bond expands upon heating. Data from the refinement including the full texture indicate that both bonds change from expansion to contraction for the Mg-Al1 bond, and vice versa for the Mg-Si1 bond, which appears unlikely, though the temperature (between 973 and 1073 K) correlates with the glass transition temperature for glassy cordierite. For other bonds (the Al-O and Si-O bonds are given in Appendix A), we could not observe significant differences between the two approaches (with and without texture), except possibly for systematic shifts. The observed decrease of the Mg-Si bond lengths is consistent with the negative thermal expansion along the c axis as this bond is parallel to this axis. The Mg-Al bond is more aligned with the a and b axes. Since a and b exhibit positive thermal expansion, the bond length increases correspondingly. As mentioned by Hochella et al. (1979) , T1 tetrahedra are stretched along a and b, and create counterrotation of the six-membered rings at different heights along the c axis. The absence of a change of the dimensions of the Al and Si tetrahedra fully confirms this. At the same time, the anisotropy of the atomic displacement increases with temperature. This indicates that these building units move in a correlated motion, typical of the rigid unit modes observed in other aluminosilicate materials (Dove, 1995) .
While Hochella did not report the evolution of the Mg-Si bond length, our random powder and texture refinement results both agree well with his work for Mg-O, Al-O and Si-O bond lengths. This is an indication that the quality of the atomic position refinements for the full texture model is almost equivalent to that for the randomly oriented powder.
In summary, we find that, while for lattice parameters texture and random powder refinements fully agree, some intensity-dependent crystallographic parameters from the full texture refinement, such as weight fractions and some atomic positions, seem to deviate slightly from the expected values or lie outside the ranges established by previous work (see Hochella et al., 1979; Haas et al., 1987) . We conclude that measuring several orientations and then integrating data, in addition to refining against several detector rings, provides superior results compared to a Rietveld refinement that includes texture. It is expected that for stronger textures than the ones observed here this may not hold, and in fact including texture in the Rietveld model may improve the results in such cases. For the remainder of this paper we discuss the structural results obtained with the random powder diffraction Rietveld analysis.
Lattice thermal expansion
The cordierite lattice parameters were normalized to the initial lattice parameter (a RT ), and the strain as a function of temperature was calculated as Normalized lattice expansion of cordierite, as measured on HIPPO, compared with results from Hochella et al. (1979) and Bruno, Efremov & Brown (2010) . The latter datasets also contain points acquired upon cooling.
[Equation (1) is also valid for lattice parameters b and c.] The results are shown in Fig. 9 , where they are compared with the results of Hochella et al. (1979) and those of Bruno, Efremov & Brown (2010) . In Fig. 9 , two sets of data from Bruno, Efremov & Brown are shown: one from a powder, one from an extruded rod. The latter sample is supposed to be more similar to the honeycomb sample studied in the present work (HIPPO data in Fig. 9) . Indeed, the axial data on the rod (SMARTS Instrument, LANSCE, LANL) compare very well to the present data, while the data from Hochella et al. show a slightly different trend as a function of temperature. The explanation for this discrepancy can easily be found in the different chemical composition: Hochella et al. used a natural cordierite, containing a significant amount of iron. Differences in strain from the initial measurement and after cooling in Hochella's dataset suggest also that chemical or more likely microstructural changes occurred in this material [indeed, Hochella et al. explain the differences between their data and those of Lee & Pentecost (1976) and Evans et al. (1980) in terms of microstructural changes due to the thermal history]. The contraction in the c axis is the most pronounced in the present data. In fact, the crystal texture of the sample investigated is more pronounced than that of the rod reported by Bruno & Vogel (2008) .
Atomic displacement parameters
A significant anisotropy of the thermal motion parameters was also found. The results for the refinements of anisotropic atomic displacement parameters are shown for selected atoms in Fig. 10 . Results obtained by Hochella using X-ray diffraction are also shown. In general, the results obtained in the present work by neutron diffraction are within the numerical ranges for these parameters for similar structures (e.g. Lane et al., 2012 Lane et al., , 2013 and show a higher anisotropy than was found by Hochella. This is partly explained by the absence of a form factor in neutron diffraction, as well as by the larger available d-spacing range and therefore the number of available diffraction peaks for the refinement.
For the aluminium atoms we find only slight anisotropy and a small change of the atomic displacement with temperature. For all other atoms, our results indicate consistently that the atomic displacement in the U 33 direction, i.e. along the c axis, is the largest. This could seem somewhat surprising, since cordierite shrinks along this axis upon heating and one would expect the thermal motion to be therefore constrained by this shrinking unit-cell axis. However, as pointed out by Haas and co-workers Haas et al., 1987) , there are compensative effects: on the one hand the T2 tetrahedra shrink (indeed the silicon atoms show U 33 decreasing with temperature), while on the other hand the T1 tetrahedra and the Mg octahedra expand (see Fig. 10 ). The net effect is a contraction along the c axis. The applied conversion factors for the ij values reported by Hochella et al. (1979) are listed in Appendix A. The values of the measured lattice parameters also influence the values of the U ij . This introduces a further source of discrepancy between the Hochella and the present datasets.
As can be seen from the structure plots with 99% probability ellipsoids in Fig. 11 , the anisotropic thermal motion of the O1 oxygen atoms at 373 K is strongly oriented along the c axis, leading to a cigar-shaped displacement ellipsoid. These ellipsoids become tilted around the b axis at higher temperatures, leading to a zigzag pattern when viewed along b.
The present data partly confirm the pictures reported by Haas and co-workers Haas et al., 1987) : the thermal motion of oxygen atoms in T2 tetrahedra mostly occurs perpendicular to the (Si,Al)-O bonds. This makes the units fairly rigid. This is confirmed by the absence of changes in the Si-O and Al-O bond lengths with increasing temperature. In this sense, the response of the structure to increasing temperature occurs mostly in the coordination of Mg atoms.
General remarks
We note that this type of data could be used to benchmark structural dynamics simulations. For example, recent work investigating the anisotropic atomic displacement parameters of MAX phases and comparing them with phonon calculations showed good agreement between experimental results and simulation (Lane et al., 2013; Bentzel et al., 2016) .
Note that while the crystal structure of cordierite evolves as a function of temperature, the crystallographic texture does not. This has an enormous relevance for the material's applications (at high temperatures): the invariance of the microstructure implies the material's stability at high temperature. Since the morphology and the crystallography of cordierite are intimately linked, we can state that filtration properties are also intact at high temperature.
From the point of view of the material's properties, it is paramount to have reliable texture data at operation conditions for current models (see Efremov & Bruno, 2013) , which typically need texture factors (and volume fractions) as an input to predict phase-specific stresses (i.e. stresses in the component phases and in the different grain families). This work experimentally confirms the hypotheses set forth for the calculations shown by Bruno, Efremov & Brown (2010) and Efremov & Bruno (2013) , therefore validating them. Furthermore, it was shown in previous work that the thermal stresses at the high-temperature partition in cordierite between the spinel phase and the cordierite grains with their c axis oriented along the extrusion direction (Bruno et al., 2010a; Bruno et al., 2013) (because the a and b axes are partially disconnected by microcracking), i.e. the stresses observed in the spinel are balanced by stresses in cordierite grains with their c axis along the extrusion direction only.
This interpretation as described in detail by Bruno et al. (2010a Bruno et al. ( , 2013 ) also rested on the assumption that the crystal texture of cordierite does not evolve with temperature. Our present data validate the approach set forth by Bruno et al. (2010a Bruno et al. ( , 2013 .
Finally, the reliable experimental determination of structural parameters also allows benchmarking of molecular dynamics calculations, from which, in turn, other material properties, such as stiffness, can be determined, for which in situ experiments are not readily available. These properties are extremely relevant for technological applications, where the classic single-crystal data do not apply to the synthetic material, or in the case where those data are not available (such as for aluminium titanate).
Conclusions
To complement the large body of literature about structural properties of natural and/or single-crystal cordierite, we studied the thermal expansion, the crystal structure and the texture of synthetic polycrystalline cordierite for filtration application. These are relevant from a materials science point of view, since (a) texture is a needed input in current micromechanical models for the calculation of mechanical (e.g. Young's modulus) and microstructural (e.g. microcracking) properties; (b) confirming the thermal stability of the texture is an important validation of the above-mentioned models; and (c) information on the unit cell is needed to understand the microstructural features and the thermal expansion.
We found that the texture seems to evolve only slightly, and this change could also be considered near to the experimental error of 0.1 m.r.d. This points toward a substantial stability of the microstructure for temperatures below 0.75T m ($1373 K). This conclusion is corroborated by the stability of the microstructure, as revealed by SEM.
We systematically explored the influence of the inclusion of a complete texture Rietveld model versus the same data analyzed after integrating all data collected for different sample orientations and different diffraction angles on the temperature-dependent crystallographic parameters. The latter approach randomizes the existing preferred crystal orientation. In fact, as both two-dimensional X-ray/synchrotron and modern neutron powder diffractometers allow such simultaneous texture and crystal structure refinements, the reliability of a combined texture and Rietveld refinement approach needed to be assessed. We found that the full texture refinement agrees very well with the random powder model for peak-position-dependent parameters, i.e. the lattice parameters, but that peak-intensity-dependent parameters, such as weight fractions, atomic positions and the derived bond lengths, become less reliable. This holds true only for the weak texture observed here; in cases with stronger preferred orientation the averaging of the orientations may not result in a good approximation of a random powder, and refining with a full texture model would better describe the data. This is particularly relevant for metals, which usually possess much stronger textures than ceramics.
We speculate that peak-intensity-related crystal structure parameters correlate with the ODF parameters describing the texture, thus making the crystal structure parameters less reliable when texture is also refined. We stress that the ability of modern instruments, such as HIPPO, to measure texture and provide sufficient coverage to produce good random powder averages, as well as the ability of a few Rietveld codes to quantify texture, is extremely useful as it allows one to assess whether significant preferred orientation exists. Otherwise, the unknown existence of preferred orientation may prevent reliable determination of crystallographic parameters. However, more research is required to determine the reliability of combined texture and crystal structure refinements as the experience at this point is very limited.
From the randomized data, we extracted as a function of temperature (a) the evolution of the cordierite lattice parameters a, b and c, as well as the lattice parameter and the weight fraction of the minority phase spinel; (b) the interatomic distances in the cordierite cell (orthorhombic); and (c) the anisotropic displacement parameters of the 12 atoms in the unit cell (six O atoms, three silicon atoms, two aluminum atoms and one magnesium atom). We find acceptable agreement with temperature-dependent structural parameters reported by various authors in the open literature.
APPENDIX A Crystal structure of cordierite As mentioned above, on the basis of the refinement of crystal structure (i.e. the atom positions), we were able to calculate the Al-O, Mg-O and Si-O bond lengths (see Fig. 12 ), as well as Mg-Si and Mg-Al (see Fig. 8 ). In Fig. 12 we report a comparison between the results of the fit without and without crystallographic texture. It is striking that the Al2-O4 distance falls significantly outside the range of 1.70-1.78 Å observed for the other Al-O bonds (for comparison, the Al-O bonds in corundum Al 2 O 3 are between 1.85 and 1.97 Å ; see Ishizawa et al., 1980) . For the Si-O bond lengths, a range from 1.58 to 1.66 Å is observed [an Si-O bond length of 1.610 (0) Å was reported by Baur (1978) as the average over 64 compounds in which the silicate group shares oxygen atoms with other tetrahedral Al, B, Ga, P or Si atoms]. The Si2-O5 bond lengths resulting from the full texture Rietveld refinement fall substantially below this observed range.
Interestingly enough, some shift seems to occur between the results obtained with and without texture, but the occurrence research papers is not systematic for all bond lengths. Apparently some of them are more sensitive to diffraction peak intensities.
In Fig. 13 , we report the Mg-O, Al-O and Si-O bond lengths as calculated without texture, and compare them with those of Hochella et al. (1979) and Haas et al. (on indialite) .
Note that the nomenclatures of the work of Hochella et al. and Haas et al. are different from ours, and the equivalence between Hochella's and our notation is given in Table 3 
where a*, b* and c* are the reciprocal lattice edges (for the orthorhombic unit cell a* = 1/a etc.) and
Some more examples of thermal motion parameters (other than those reported in Table 3 Equivalence between atoms in the work of Hochella et al. (1979) and Haas et al. (1987) and the present work.
The We observe an increase of the Mg-O1 and Mg-O3 bond lengths, whereas the Mg-O2 bond length decreases with increasing temperature. Both the Hochella and the Haas results agree well with our findings, within error bars, but do not show the decrease in bond length for Mg-O2. For the Al-O and Si-O tetrahedra we find bond lengths in the range $1.70-1.78 Å and 1.58-1.66 Å , respectively, with no significant change as a function of temperature. Again, the bond lengths observed by Hochella agree with our findings.
As mentioned above, also the minor phase spinel was refined (see Table 2 and Fig. 7 ). Fig. 15 shows the lattice thermal expansion of the spinel phase. This phase is barely observable in the diffraction pattern, but it has also been reported by Bruno et al. (2013) . A comparison of those two datasets [the present and that of Bruno et al. (2013) , collected on SMARTS, Lujan Center, LANL, Los Alamos, NM, USA] is shown in Fig. 15 size, and therefore microcrack content), the agreement between the present HIPPO and the SMARTS data is reasonable.
